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Synapticconnectionsarestabilized through transsyn-
aptic adhesion complexes that are anchored in the
underlying cytoskeleton. The Drosophila neuromus-
cular junction (NMJs) serves as a model system to
unravel genes required for the structural remodeling
of synapses. In a mutagenesis screen for regulators
of synaptic stability, we recovered mutations in Dro-
sophila ankyrin 2 (ank2) affecting two giant Ank2 iso-
forms that are specifically expressed in the nervous
system and associate with the presynaptic mem-
brane cytoskeleton. ank2mutant larvae show severe
deficits in the stability of NMJs, resulting in a reduc-
tion in overall terminal size, withdrawal of synaptic
boutons, and disassembly of presynaptic active
zones. In addition, lack of Ank2 leads to disintegra-
tion of the synaptic microtubule cytoskeleton. Micro-
tubules and microtubule-associated proteins fail to
extend into distant boutons. Interestingly, Ank2 func-
tions downstream of spectrin in the anchorage of
synaptic microtubules, providing the cytoskeletal
scaffold that is essential for synaptic stability.
INTRODUCTION
Synapse formation starts during the final stages of embryogen-
esis and is strictly controlled by cellular and genetic mechanisms
that ensure precise target recognition and terminal differentia-
tion. The initial structure of synapses, however, does not remain
stable. During postembryonic development, the morphology
and organization of many synapses undergo dramatic changes,
as they are responding to activity changes and developmental
programs (Yuste and Bonhoeffer, 2001; Cohen-Cory, 2002;
Lamprecht and LeDoux, 2004). The apparent stability of synaptic
connections could be regarded as a mere dynamic equilibrium
between growth and retraction. In a growing animal, for exam-
ple, muscle fibers continuously increase in size. Neuromuscular
junctions (NMJs) expand coordinately in order to provide enough
neurotransmitter (Sanes and Lichtman, 2001; Marques and
Zhang, 2006). Presynaptic terminals therefore adjust their struc-
ture and function according to the size and requirements of their
targets. This is a fundamental process that not only occurs at210 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.NMJs but also at central synapses in the vertebrate brain (Yuste
and Bonhoeffer, 2001; Lamprecht and LeDoux, 2004).
NMJs of Drosophila larvae serve as a model system to identify
genes that play important roles in the structural remodeling and
maintenance of synapses (Ruiz-Canada and Budnik, 2006a).
Several proteins have been implicated specifically in the regula-
tion of synaptic stability, including fasciclin II (Schuster et al.,
1996), LIMK (Eaton and Davis, 2005), PI3K (Martin-Pena et al.,
2006), bPS integrin (Beumer et al., 2002), the microtubule-
associated protein futsch (Hummel et al., 2000; Roos et al.,
2000), the cytoskeletal proteins a- and b-spectrin (Pielage
et al., 2005), and the motor proteins kinesin and dynactin (Hurd
and Saxton, 1996; Eaton et al., 2002). According to the function
of these proteins, major mechanisms of synapse stability and
maintenance include the transport of synaptic proteins toward
nerve terminals and the stable linkage of adhesion proteins to
the underlying cytoskeleton.
The presynaptic cytoskeleton of Drosophila NMJs consists of
two major components: the membrane cytoskeleton and the
core cytoskeleton. The cytoskeletal core is based on microtu-
bules and microtubule-interacting proteins, such as futsch
(Hummel et al., 2000; Roos et al., 2000). As a continuation of
the axonal cytoskeleton, it is located in the center of the presyn-
aptic terminal and extends along its entire length. In contrast, the
cortical membrane cytoskeleton consists of a filamentous net-
work of spectrin molecules (Dubreuil and Yu, 1994; Featherstone
et al., 2001). a/b-spectrin heterotetramers are connected via
short actin filaments that mediate the assembly into a branched
network, which is attached to the plasma membrane via ankyrins
(Bennett and Baines, 2001).
Ankyrins were originally discovered in erythrocytes, where
they link the spectrin/actin cytoskeleton to the cytoplasmic do-
main of the anion exchanger (Bennett and Stenbuck, 1979b;
Bennett and Stenbuck, 1979a). Three vertebrate ankyrin genes
have since been identified, referred to as ankyrin R (ankyrin 1),
ankyrin B (ankyrin 2), and ankyrin G (ankyrin 3) (Lambert et al.,
1990; Lux et al., 1990; Kunimoto et al., 1991; Otto et al., 1991;
Peters et al., 1995). All three genes encode differently sized iso-
forms. Two large isoforms, 440 kD ankyrin B and 480 kD ankyrin
G, are specifically expressed in the nervous system (Chan et al.,
1993; Kordeli et al., 1995), where they function in the mainte-
nance of axonal tracts and in the clustering of transmembrane
proteins (Bennett and Chen, 2001; Hedstrom and Rasband,
2006). Targeted mutations in these genes consequently cause
the degeneration of nerves and the disruption of the subcellular
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Ank2 Is Required for Synaptic StabilityFigure 1. Neuromuscular Junctions Appear
Underdeveloped and Contain Large Bou-
tons in ank2E380/ank2K327 Mutant Animals
Arrows mark synaptic boutons.
(A–C) Confocal micrographs of NMJs on longitudi-
nal muscles 6/7 in abdominal segment A3 of third-
instar larvae expressing the postsynaptic marker
CD8-GFP-Sh. Compared to wild-type (A), NMJs
in ank2 mutant larvae are smaller and contain
fewer but larger boutons (B and C).
(D–F) NMJs innervating lateral muscles 21–23 in
wild-type (D) and ank2 mutant (E and F) larvae
photographed through the translucent cuticle of
intact larvae. Presynaptic terminals are stained
with the red fluorescent protein dsRed using
OK371-Gal4. Enlarged presynaptic terminals are
intensely stained in mutant animals (compare ar-
rows in [D]–[F]). An underdeveloped NMJ on mus-
cle 21 lacking presynaptic dsRed staining is
marked (arrowhead in [F]).
Dorsal is up and anterior is left in all figures.localization of ion channels at the nodes of Ranvier (Scotland
et al., 1998; Zhou et al., 1998).
The Drosophila genome contains two ankyrin genes, ank1 and
ank2 (Dubreuil and Yu, 1994; Bouley et al., 2000). While ank1 is
ubiquitously expressed, ank2 is transcribed selectively in the
nervous system (Bouley et al., 2000; Hortsch et al., 2002). A short
alternative splice product localizes to neuronal cell bodies,
whereas four longer isoforms accumulate specifically in axons
(Hortsch et al., 2002). Because Ank2 interacts with the cytoplas-
mic domain of neuroglian, a cell adhesion molecule belonging to
the L1 family, Ank2 has been implicated to play an important role
in the assembly of the neuronal cytoskeleton at cell-cell contacts
(Hortsch et al., 1998; Bouley et al., 2000; Jefford and Dubreuil,
2000; Yamamoto et al., 2006).
Here, we demonstrate that ank2 is required for synaptic stabil-
ity. Most strikingly, the structural integrity of the presynaptic cy-
toskeleton is severely affected, leading to the disassembly of ac-
tive zones and the retraction of the microtubule-based core
cytoskeleton. We provide genetic evidence that two giant Ank2
proteins stabilize the synaptic microtubule pool. In addition, we
show that Ank2 functions downstream of spectrin in linking the
synaptic core cytoskeleton to the membrane cytoskeleton.
Ank2 is therefore an essential organizer of the presynaptic cyto-
skeleton, which is pivotal for synaptic stability. Similar results
have been obtained in an independent study (Pielage et al.,
2008 [this issue of Neuron]).
RESULTS
During postembryonic development of Drosophila larvae, NMJs
increase dramatically in size, as synaptic boutons are continu-
ously added to compensate for the increasing needs of neuro-
transmitter in the growing muscles. To identify genes that play
a role in these synaptic remodeling processes, we conducted
a large-scale EMS mutagenesis screen of neuromuscular junc-
tions in Drosophila larvae (Parnas et al., 2001; Aberle et al.,
2002). We analyzed NMJs through the translucent cuticle of in-
tact larvae using the postsynaptic marker molecule CD8-GFP-Sh(Zito et al., 1999). Three noncomplementing alleles showed
a similar phenotype and mapped to the Drosophila ank2 locus
(see below). NMJs innervating ventral muscles 6 and 7 normally
form a regular array of boutons along the longitudinal axis of
wild-type muscles (Figure 1A). NMJs in ank2 mutants produced
fewer but often larger boutons (Figures 1B and 1C). While the
phenotype was 100% penetrant in a given animal, not every
NMJ had a dramatically altered morphology and about half ap-
proached wild-type appearance (54.7% between muscles 6/7;
n = 75). To examine presynaptic endings, we expressed the
red fluorescent protein dsRed in motor neurons using OK371-
Gal4 (Mahr and Aberle, 2006). Presynaptic terminals were sur-
rounded by postsynaptic CD8-GFP-Sh in wild-type larvae
(Figure 1D). Mutant boutons showed a similar distribution, but
presynaptic endings were often grossly enlarged and appeared
to be fused to a single cavity (compare arrows in Figures 1D–
1F). In addition, approximately 10% of NMJs showed postsyn-
aptic terminals with reduced or absent presynaptic staining
(arrowhead in Figure 1F). We also noted that mutant larvae
appeared sluggish. When crawling on fruit agar plates, they
dragged behind the posterior-most segments, suggesting ad-
vanced posterior paralysis.
Single-Point Mutations in ank2 Truncate Two Giant
Ank2 Protein Isoforms
We mapped the EMS-induced mutations to the ank2 locus using
meiotic recombination and single-nucleotide polymorphisms
(SNPs) (Figure 2A). Previously, a short and four medium-sized
ank2 transcripts have been identified that encode proteins rang-
ing from 125 to 271 kD (Hortsch et al., 2002; see Experimental
Procedures for nomenclature). All Ank2 proteins harbor an N-ter-
minal ankyrin-repeat domain followed by a spectrin-binding do-
main and a C-terminal domain without assigned function (Fig-
ure 2B) (Bouley et al., 2000). The identified mutations cause
a premature truncation of any of the medium isoforms, indicating
that the C terminus of Ank2 is functionally required (Figure 2B;
ank2I864 splice donor site mutation of exon 11; ank2E380,
Q1683Stop; ank2K327, S2043Stop). During mapping of our ank2Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc. 211
Neuron
Ank2 Is Required for Synaptic StabilityFigure 2. Identification of Point Mutations
in Drosophila ank2
(A) Genomic organization of the ank2 locus. A sub-
set of annotated genes in the chromosomal region
66A7-66A13 as well as the locations of PBacf02001
and the right breakpoint of the deficiency
Df(3L)RM5-1 are indicated. Depicted according
to FlyBase (Release FB2007_01). The polymorphic
SNP markers 68-6 and 69 used for mapping are
indicated. ank2 forms alternatively spliced tran-
scripts with two separately annotated, neighbor-
ing genes, SP2523 and CG32377.
(B) Domain structure of Ank2 isoforms. Ank2-S
isoforms consist of an N-terminal ankyrin-repeat
domain (aa 11–797) followed by a C-terminal
spectrin-binding domain (aa 798–1126) that
can be subdivided into an acidic (aa 798–879),
basic region (aa 880–1126), and a ZU-5 domain
(aa 926–1030). Ank2-M isoforms contain a con-
served death domain (aa 1409–1501). The loca-
tions of single-point mutations in individual ank2
alleles are indicated (orange bars). Ank2-L pro-
teins contain a C-terminal domain that is com-
posed of highly hydrophilic amino acids without
any recognizable domain structure. Ank2-XL con-
tains a highly repetitive region with 92 KEY-re-
peats, as indicated by numbers. For nomencla-
ture, see Experimental Procedures.
(C) Alignment of ten randomly selected KEY-re-
peats. The repeat sequences are highly identical.
The KEY-motif is marked by asterisks. Clusters
of hydrophilic amino acids periodically alternate
with less hydrophilic regions.
(D) Dot matrix comparisons of nervous system-
specific isoforms of human ankyrins G and B,
Ank2-L, Ank2-XL, and C. elegans ankyrin Unc-44
(AO13 isoform). The dark square in the lower left
corner of each dot plot represents the N-terminal
ankyrin-repeats.alleles, we noticed that the piggyBac-element insertion
PBacf02001 failed to complement all ankyrin 2 alleles tested. The
NMJ phenotype associated with PBacf02001 could be reverted
by precise excision, suggesting that sequences required for
Ank2 function are affected. Molecularly, the PBacf02001 insertion
mapped to the 30 region of the deduced geneSP2523 (Figure 2A).
To test whether the SP2523 gene is linked to the ank2 locus, we
performed RT-PCR experiments using primers specific for ank2,
SP2523, and the included gene CG32377. To our surprise, we
found fusion transcripts between ank2 and either SP2523 or
CG32377, indicating extensive alternative splicing of ank2
(Figure 2A and Figure S1 available online). We refer to these
splice variants as ank2-L (Ank2-SP2523, 450 kD) and ank2-
XL (Ank2-CG32377, 1200 kD) (Figure 2B; see Experimental
Procedures for nomenclature).
These new C-terminal extensions of Ank2 contain a high per-
centage of hydrophilic amino acids but otherwise lack recogniz-
able protein domains, except for Ank2-XL, which contains
a highly repetitive domain. The repeat domain consists of 92
highly identical tandem repeats, each 76 amino acids in length
(Figures 2B and 2C). The repeats have the characteristic amino212 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.acid sequence K-E-Y that led us to propose the name KEY-
repeats. The KEY-repeats show weak homologies to proteins
associated with the cytoskeleton, most notably Unc-89, futsch,
titin, and the neurofilament heavy chain. Similar repetitive se-
quences have not been reported for mammalian ankyrins, but
we noticed a syntenic ankyrin region in the invertebrate Anophe-
les gambiae. Interestingly, C. elegans has only one ankyrin gene,
unc-44, which encodes a large protein with a highly repetitive
C-terminal domain (Figure 2D). Because Unc-44 is functionally
required in the nervous system (Otsuka et al., 2002), these results
suggest that large ankyrin isoforms are functionally conserved
among invertebrates.
Ank2 Is Specifically Expressed in the Peripheral
and Central Nervous System
To examine the expression patterns of the different ank2 iso-
forms, we synthesized digoxigenin-labeled probes for in situ hy-
bridizations. Probes specific for ank2-M, ank2-L, and ank2-XL all
recognized transcripts expressed in the nervous system in
a highly similar pattern (Figure S2). To determine the subcellular
localization of Ank2 proteins, we raised polyclonal antibodies
Neuron
Ank2 Is Required for Synaptic StabilityFigure 3. Expression of Ank2-L and
Ank2-XL at the NMJ
Brackets mark areas enlarged.
(A–C) Ank2-L shows a regular distribution in syn-
aptic boutons but preferentially enriches in nerves
and interbouton regions. (A) Merged image of wild-
type NMJs on muscle 4 stained with anti-Ank2-L
antibodies (B) and CD8-GFP-Sh (C).
(D–F) Ank2-L is excluded from active zones. (D)
Merged image of wild-type NMJs on muscle 4
stained with anti-Brp antibodies (E) and anti-
Ank2-L antibodies (F).
(G–I) Ank2-XL is differentially expressed in bou-
tons and interbouton regions. (G) Merged image
of wild-type NMJs on muscle 4 stained with anti-
Ank2-XL antibodies (H) and CD8-GFP-Sh (I).
Ank2-XL is expressed in a granular or reticular
pattern within synaptic boutons (arrows and inset)
but in a continuous pattern between boutons.
(J–L) Ank2-XL is excluded from active zones. (J)
Merged image of wild-type NMJs on muscle 4
stained with anti-Brp antibodies (K) and anti-
Ank2-XL antibodies (L).
(M–O) Ank2-XL is retracted from synaptic
branches in ank2-L mutants. (M) Merged image
of ank2-L mutant NMJs (PBacf02001) on muscle 4
stained with anti-Ank2-XL antibodies (N) and
CD8-GFP-Sh (O). Ank2-XL is absent in synaptic
branches (arrows). Please note that a few Ank2-
XL-positive punctae remain.against the new isoforms. During embryonic development,
Ank2-L and Ank2-XL were expressed in the peripheral and cen-
tral nervous system (Figure S3). Most importantly, expression
was abolished in ank2 mutants, further demonstrating the exis-
tence of these extremely high molecular weight isoforms
(Figure S3 and Figures 5J–5L). In third-instar larvae, Ank2-L
was detected predominately in peripheral nerves and, more
weakly, at NMJs (Figures 3A–3C). The distribution between
and within synaptic boutons was rather homogenous and ap-
peared to coincide with the plasma membrane compartment
with openings only around active zones, as indicated by the ac-
tive zone marker bruchpilot (Brp) (Figures 3D–3F) (Wagh et al.,
2006). Ank2-XL was expressed homogeneously in interbouton
regions but showed a granular or reticular pattern within boutons
(arrows in Figures 3G–3I). Ank2-XL was also excluded from
transmitter-releasing active zones (Figures 3J–3L). Ank2 is
thus expressed in periactive zones, a region known to regulate
synaptic development (Sone et al., 2000).
Ank2-L Is Required for the Synaptic Localization
of Ank2-XL
Because the three mutations identified in our phenotypic screen
affect the expression of both isoforms, Ank2-L and Ank2-XL, we
wanted to test whether any of these proteins is required for spe-
cific aspects of synaptic development. As no ank2-XL mutant
was available, we employed RNA interference to reduce expres-
sion of specifically this transcript (Dietzl et al., 2007). However,
using an ank2-XL-specific RNAi construct, we were unable to
significantly reduce the expression of Ank2-XL and thus cannot
exclude a possible contribution of this isoform for neuronal de-
velopment and function. We next analyzed the phenotype ofPBacf02001 mutant larvae carrying an insertion in ank2-L and
found NMJs with fewer and larger boutons (Figures 3M–3O, for
quantification see Figure S4). No expression of Ank2-L could
be detected in these animals, whereas Ank2-XL was still
expressed. More importantly, we noticed that Ank2-XL was not
expressed in a subset of synaptic branches or did not reach
the distal-most end of a synaptic branch (arrows in Figures
3M–3O). In wild-type NMJs, Ank2-XL staining extended in every
terminal bouton (100%, n = 156). In PBacf02001 mutants, only
23% of terminal boutons expressed Ank2-XL (n = 142). The par-
tial retraction of Ank2-XL from terminals lacking Ank2-L sug-
gests that Ank2-L is required for the localization of Ank2-XL.
Ank2 Regulates the Spacing of Boutons
Given the expression of Ank2 in interbouton and bouton regions,
we asked whether any of these structures is affected ultrastruc-
turally. Using transmission electron microscopy, we examined
transverse and sagittal sections of ventral muscles 6 and 7. In
transverse sections of wild-type larvae, presynaptic terminals
were filled with synaptic vesicles that clustered at active zones
(Figure 4A). These neurotransmitter-release sites are character-
ized by electron-dense membrane thickenings and T bars
(Atwood et al., 1993; Jia et al., 1993). Invaginations of the sar-
colemma, called the subsynaptic reticulum (SSR), surrounded
the presynaptic terminal. In ank2mutants, pre- and postsynaptic
structures including the number and morphology of mitochon-
dria appeared relatively normal (Figure 4B). We observed a slight
reduction in the thickness of the SSR (0.46 ± 0.22 mm in ank2E380/
ank2K327 mutants versus 0.63 ± 0.25 mm in wild-type; n = 22 bou-
tons, p < 0.01) and a higher frequency of large ‘‘clear’’ vesicles
and multivesicular bodies (large arrow in Figure 4B) (1.3 ± 0.9Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc. 213
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Ank2 Is Required for Synaptic StabilityFigure 4. Mutations in ank2 Disrupt
Bouton Spacing
(A–D) Electron micrographs depicting transverse
(A and B) and sagittal (C and D) sections through
NMJs innervating muscle 6 in wild-type (A and C)
and ank2E380/ank2K327 mutant (B and D) larvae.
(A and B) Wild-type (A) and ank2 mutant (B) pre-
synaptic terminals contain synaptic vesicles,
which accumulate in active zones (asterisks) and
cluster at T bars (arrowheads). Two mitochondria
(M) are marked. Invaginations of the sarcolemma
(thick arrow in [A]) form the subsynaptic reticulum
(SSR). Synaptic boutons in ank2 mutants contain
large clear vesicles (thick arrow in [B]). (C and D)
In sagittal sections, wild-type boutons are con-
nected by thin axonal connections, termed ‘‘bot-
tlenecks’’ (arrow in [C]). ank2 mutants have large
continuous presynaptic cavities without bottle-
necks, some of which extend up to 30 mm (D). A
rare quadruple T bar is marked (arrowhead in
[D]). Scale bars, 500 nm (B), 1 mm (D).particles per bouton in ank2E380/ank2K327 mutants compared to
0.6 ± 0.4 in wild-type; n = 24 boutons, p < 0.05). Large ‘‘clear’’
vesicles have been observed in mutants with synaptic stability
defects and have been linked to ongoing retraction processes
(see below) (Eaton et al., 2002; Pielage et al., 2005).
Compared to these rather mild phenotypes, we found signifi-
cant changes in sagittal sections. Along the longitudinal axis of
the muscle fiber, bouton cavities are normally spaced apart
from each other by thin axonal connections, termed ‘‘bottle-
necks’’ (arrow in Figure 4C) (Jia et al., 1993). Although individu-
ally spaced boutons were common in ank2 mutants, we found
boutons much larger than normal and up to 30 mm in length
(Figure 4D). These large cavities completely lacked bottleneck
regions, indicating that Ank2 plays an important role in the for-
mation of bottlenecks and the spacing of synaptic boutons.
Ank2 Is Essential for Synaptic Stability andMaintenance
To further characterize the oversized boutons, we quantified
bouton diameters in wild-type and mutant animals (Figure S4).214 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.While the muscle surface area was comparable in abdominal
segment A3 in wild-type and transheterozygous ank2mutant an-
imals, the diameter of the largest bouton of a given NMJ was in-
creased in the mutants (Table 1; e.g., 5.3 ± 0.9 mm on muscle 6/7
in wild-type versus 7.1 ± 1.9 mm in ank2E380/ank2K327; n = 40
hemisegments, p < 0.001). The number of synaptic boutons
and synaptic span, the widest extension of synaptic branches
along a muscle fiber, both were reduced in ank2 mutants (Table
1). The quantitative analysis confirms that ank2mutant NMJs are
smaller and contain fewer but larger boutons.
To analyze how this growth defect develops, we examined
larval NMJs from different-aged animals. In wild-type larvae,
presynaptic transmitter-release zones are normally surrounded
by postsynaptic CD8-GFP-Sh staining (Figures 5A–5C). In ank2
mutants, the precise alignment of presynaptic active zones and
postsynaptic terminals initially appeared normal (data not shown).
However, in third-instar larvae, approximately 12% of NMJs ex-
hibited clear misalignments, generally involving several consecu-
tive boutons in a synaptic branch (arrows in Figures 5D–5F).Table 1. Quantitative Analysis of ank2 Mutant NMJs
Wild-Type ank2E380/ank2K327 PBacf02001/RM5-1
M12 M13 M6/7 M12 M13 M6/7 M12 M13 M6/7
Bouton
number
22.1±5.9 13.8±4.2 31.8±3.7 12.2±3.1 7.9±3.1 23.1±3.9 8.8±2.6 5.4±1.7 16.1±3.6
Bouton
diameter (mm)
4.8±0.6 5.4±1.0 5.3±0.9 7.2±2.0 8.4±2.0 7.1±1.9 7.2±1.1 7.2±1.4 8.4±1.3
Synapse
span (mm)
120.8±29.5 71.3±25.8 161.7±34.1 71.8±20.3 40.6±13.1 148.1±35.9 59.9±19.7 40.3±14.5 124.6±30.3
Muscle
area (mm2)
25002±4743 21948±3696 60921±4993 27128±6575 23894±4461 65404±6891 18771±3113 17748±2672 43729±6676
Comparison of bouton number, bouton diameter, synaptic span, and muscle surface area on muscles 12, 13, and 6/7 (± standard deviation) in
abdominal segment A3 of wild-type and ank2 mutant third-instar larvae of the indicated genotypes. n = 40 hemisegments for each muscle.
Neuron
Ank2 Is Required for Synaptic StabilityFigure 5. Retraction of Active Zones and
the Microtubule Cytoskeleton in ank2
Mutants
(A–L) Confocal micrographs of NMJs innervating
the cleft between ventral muscles 6/7 in wild-
type and ank2E380/ank2K327 mutant larvae. (A–C)
Wild-type NMJs stained with CD8-GFP-Sh (A)
and anti-bruchpilot (Brp) (B), demonstrating that
transmitter-releasing active zones are localized
within postsynaptic terminals (C). (D–F) ank2 mu-
tant NMJs stained with CD8-GFP-Sh (D) and
anti-Brp (E). A subset of postsynaptic terminals
lack Brp (arrows in [D]–[F]). (G–I) Wild-type NMJs
triple labeled with CD8-GFP-Sh, anti-futsch, and
anti-Ank2-XL, as indicated. Futsch (G) and Ank2-
XL (H) are codistributed in central synaptic re-
gions, but futsch does not extend into all terminal
boutons (I), leaving a subset of them positive only
for Ank2-XL (arrows and arrowheads in [G]–[I]).
(J–L) NMJs in a ank2 mutant larva triple labeled
with CD8-GFP-Sh, anti-futsch, and anti-Ank2-XL,
as indicated. Futsch is absent in all terminal bou-
tons and is lacking even in entire synaptic
branches (arrows [J–L]). Ank2-XL cannot be de-
tected (K and L).Notably, NMJs in posterior segments appeared to be affected
more severely (see below). We did not detect similar misalign-
ments in wild-type larvae. Disassembly of pre- and postsynaptic
markers is reminiscent of previously described mutations affect-
ing synaptic stability and maintenance (Eaton et al., 2002; Goda
and Davis, 2003). Studies in Drosophila as well as in vertebrates
(Letinsky et al., 1976; Wernig et al., 1980) have shown that disas-
sembling presynaptic terminals leave remnants (‘‘footprints’’) of
postsynaptic structures retracting at a slightly slower time frame.
The ‘‘footprint’’ phenotype therefore indicates that ank2 mutant
animals have problems in the stabilization of NMJs.
The Microtubule-Based Cytoskeleton Is Retracted
in ank2 Mutant Synapses
Stabilization of Drosophila NMJs is largely mediated through the
microtubule cytoskeleton (Eaton et al., 2002; Pielage et al.,
2005). To examine presynaptic microtubules, we stained NMJs
with anti-tubulin antibodies. Microtubules extended into synap-
tic branches as filament bundles that got progressively thinner
toward terminal boutons (Figure 6A). In a subset of ank2 mutant
terminals, however, microtubules were strongly retracted from
synaptic branches and accumulated in large club-like structures
that also filled interbouton regions (Figure 6B). The accumula-
tions resembled axonal retraction bulbs (Riley, 1977) and usually
occurred at the end of the microtubule cables, indicating that the
organization of the microtubule cytoskeleton is disturbed.
We next asked whether the loss of ank2 also affected the
expression of the microtubule-associated protein 1B (MAP1B)
homolog futsch, which acts as an organizer of the microtubule
cytoskeleton (Hummel et al., 2000; Roos et al., 2000). In NMJs
of wild-type larvae, futsch and Ank2-XL appeared to colocalizealong the microtubule-based synaptic core cytoskeleton, which
connects individual boutons along a synaptic branch (Figures
5G–5I). We noticed, however, differences in terminal boutons.
While futsch principally extended into the distal-most boutons,
47% of them (n = 114) lacked detectable amounts of futsch
(arrows and arrowheads in Figures 5G–5I). Ank2-XL, in contrast,
was present in every terminal bouton. We interpret this differen-
tial localization that at least a portion of Ank2-XL is associated
with the membrane cytoskeleton. These ankyrin-positive but
futsch-negative boutons were always located at the leading
edge of a synaptic branch, indicating that they could represent
recently formed boutons. In ank2 mutants, futsch was ex-
pressed in axon-proximal regions but was retracted from 96%
of terminal boutons (n = 127) (Figures 5J–5L). In 44% of synaptic
branches, futsch did not even reach the last but two boutons.
Furthermore, approximately 5.4% of mutant boutons contained
retraction bulb-like structures (Figure 6D) (n = 538 boutons)
compared to 0.2% in wild-type animals (n = 1084 boutons).
These retraction phenomena demonstrate that the microtu-
bule-based cytoskeleton cannot be stabilized in distal boutons
of ank2 mutants.
TheNeuronal Cytoskeleton Is Affected Both Structurally
and Functionally in ank2 Mutants
The previous results show that Ank2 plays an important role in
the stabilization of presynaptic microtubules. In addition to its
prominent synaptic expression, Ank2 is also found in axons.
Here, peripheral Ank2 appeared to surround central futsch stain-
ing in single axons (Figures 6E and 6F). Though we were unable
to detect any obvious structural differences in the axonal micro-
tubule cytoskeleton between wild-type and ank2 mutant larvaeNeuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc. 215
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Ank2 Is Required for Synaptic StabilityFigure 6. Disorganization of the Presynap-
tic Microtubule Cytoskeleton and Accumu-
lation of Synaptic Vesicles in ank2 Mutants
(A and B) Confocal micrographs of NMJs on mus-
cle 4 stained with CD8-GFP-Sh and anti-tubulin
antibodies, as indicated. In wild-type larvae (A),
the presynaptic microtubule cytoskeleton gets
gradually thinner toward distal boutons. In
ank2E380/ank2K327 mutant larvae (B), tubulin accu-
mulations fill entire boutons and resemble retrac-
tion bulbs (arrow).
(C and D) Wild-type (C) and ank2E380/ank2K327 mu-
tant (D) NMJs on muscle 4 stained with CD8-GFP-
Sh and anti-futsch. A subset of mutant boutons is
entirely filled with futsch (arrow).
(E and F) A single axon innervating muscle 4 (E)
and multiple axons in a peripheral nerve (F) of
a wild-type larva stained with anti-futsch and
anti-Ank2-XL antibodies. Ank2-XL is tightly asso-
ciated with futsch but more strongly stains cortical
regions surrounding futsch. Insets in (E) and (F) are
orthogonal X-Z projections at the position indi-
cated by white bars.
(G and H) Peripheral nerves in wild-type (G) and
ank2E380/ank2K327 mutant (H) animals stained
with anti-tubulin. The microtubule cytoskeleton
does not show any visible structural alterations.
(I–K) Synaptic vesicles and other cargo particles
aggregate in peripheral nerves of ank2E380/
ank2K327 mutant larvae. The synaptic vesicle pro-
teins DVGLUT and synaptotagmin are barely de-
tectable in wild-type nerves (I) but do accumulate
in mutant nerves (J). Bruchpilot similarly accumu-
lates in mutant nerves (K) but does not necessarily
colocalize with DVGLUT. Scale bar, 5 mm (K).(Figures 6G and 6H), we noted abnormalities in the distribution of
synaptic vesicles. In contrast to wild-type axons (Figure 6I), ank2
mutant peripheral nerves contained clusters of jammed vesicles
expressing the marker proteins vesicular glutamate transporter
(DVGLUT) and synaptotagmin (Syt) (Figure 6J). As integral mem-
brane proteins of the same vesicle type, DVGLUT and Syt were
mostly colocalized. The synaptic cargo bruchpilot formed similar
axonal aggregations that did not colocalize with DVGLUT, indi-
cating that it is expressed in a different type of particle (Fig-
ure 6K). Although such axonal organelle jams are a hallmark of
reduced axonal transport capacities (Hurd and Saxton, 1996;
Duncan and Goldstein, 2006), in ank2 mutants, they might also
arise due to an increased or decreased rate of membrane turn-
over as a consequence of the reduced synaptic stability (note
the increase of large ‘‘clear’’ vesicles; Figure 4B). The particle
accumulations nonetheless indicate that the structural defects
of the cytoskeleton affect important neuronal functions, such
as vesicle trafficking.
Synaptic Instabilities Increase along the Anterior-
Posterior Axis and during Larval Development
Studies on human motor neuronal diseases revealed that the first
symptoms are often felt in distal limbs. The disease then prog-216 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.resses with advancing age (Chevalier-Larsen and Holzbaur,
2006). To examine whether there are any correlations between
these and the ank2 mutant phenotypes, we analyzed spatiotem-
poral characteristics of the synaptic stability defects. For a tem-
poral correlation, we imaged individually identified NMJs in the
same larva at different developmental stages. The formation of
embryonic NMJs was not visibly affected in ank2 mutants as
monitored with anti-DVGLUT antibodies (data not shown). Be-
cause the initial outline of NMJs remains relatively constant dur-
ing larval development, we could repetitively image identified
synaptic branches. In wild-type animals, most synaptic
branches expanded in size during development from early sec-
ond-instar (Figure 7A) to third-instar (Figure 7B) larvae. No ex-
pansion was observed only in 12% of NMJs between muscles
6/7 (A3, n = 10 larvae). In contrast, in ank2 mutant animals, no
outgrowth or even retraction occurred in 66% of NMJs between
muscles 6/7 (compare arrows in Figures 7C and 7D). For a spatial
correlation, we quantified the size of NMJs in anterior versus
posterior segments of the same animal. In wild-type larvae, mus-
cles and NMJs are generally slightly larger in anterior segment A2
than in posterior segment A7, but the proportions are well pre-
served (Figures 7E and 7F). In ank2 mutants, however, we ob-
served a disproportionate decrease of anterior versus posterior
Neuron
Ank2 Is Required for Synaptic StabilityNMJs (Figures 7G and 7H). NMJs generally appeared thinner
and underdeveloped on posterior muscles, exemplified by
a gradual decrease of bouton numbers and other structural
characteristics with increasing distance to the supplying motor
neuron (Figure 7I; for details see Figure S5). Mutations in ank2
therefore inhibit the growth of synaptic branches and lead to
the retraction of established terminals. Similar processes could
be relevant for the progression of human motor neuronal
diseases.
Figure 7. Synaptic Stabilization Defects of
ank2 Mutant NMJs Revealed by In Vivo
Imaging
(A–D) Synaptic stabilization defects during pro-
gression through larval instars. (A and B) NMJs in-
nervating muscles 6/7 in abdominal segment A3 in
the same wild-type larva at an early second-instar
(A) and late third-instar (B) stage. The initial struc-
ture of the terminals remains preserved, but new
boutons are added to synaptic branches (B). Num-
bered arrowheads label corresponding branches.
(C and D) NMJs in A3 of the same Df(3L)RM5-1/
ank2K327 mutant larva at an early second (C) and
late third (D) instar stage. While some branches
grow out and develop normally (arrowheads),
others fail to do so (compare arrows in [C] and
[D]). Scale bars, 10 mm (C) and 50 mm (D).
(E–H) Synaptic instability along the anterior-poste-
rior axis. (E and F) Dorsal-most NMJs on muscle
pairs 1/9 and 2/10 in anterior segment A2 (E) and
posterior segment A7 (F) of the same wild-type
larva. NMJs in posterior segments are smaller,
as are the muscle fibers, but NMJs are well devel-
oped. (G and H) NMJs in segment A2 (G) and A7
(H) of the same ank2E380/ank2K327 mutant larva.
NMJs in the posterior hemisegment are dispropor-
tionably smaller and underdeveloped, represent-
ing an anterior-posterior gradient of NMJ size. (I)
Quantitative evaluation of wild-type (CD8-GFP-
Sh) and ank2E380/ank2K327 mutant NMJs in ante-
rior versus posterior segments. Graphic represen-
tation of the bouton number per muscle surface
area in abdominal segments A2, A3, A6, and A7
on muscle fibers 12, 13, 6, and 7 of third-instar lar-
vae. The number of synaptic boutons relative to
the muscle surface area did not significantly de-
crease along the anterior-posterior axis in wild-
type animals (e.g., M6/7, A2 versus A7, p = 0.5).
In ank2 mutants, there is a decrease of synaptic
boutons per muscle area toward posterior mus-
cles (e.g., M6/7, A2 versus A7, p < 0.01). Wild-
type, n = 15 larvae; ank2 mutants, n = 20 larvae).
Error bars represent standard deviation.
Spectrin Is Required for The
Synaptic Localization of Ank2
Ankyrins are believed to link transmem-
brane receptors to the underlying spec-
trin/actin cytoskeletal mesh (Bennett
and Baines, 2001). Thus, we anticipated
that ank2 mutants would exhibit defects
in the spectrin-based cytoskeleton, too.
b-spectrin is normally expressed on both the pre- and postsyn-
aptic side of NMJs (Figures 8A–8C) (Featherstone et al., 2001;
Pielage et al., 2005). Unexpectedly, the expression level and
the subcellular distribution of b-spectrin were not visibly altered
in our ank2 mutants lacking all long isoforms (a short isoform is
expressed only in the cell soma) (Figures 8D–8F). As b-spectrin
was still clearly detectable at presynaptic sites (arrow in
Figure 8F), the synaptic phenotype is therefore not due to the
inability to assemble b-spectrin at the membrane. Because theNeuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc. 217
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Ank2 Is Required for Synaptic StabilityFigure 8. Spectrin Is Required Upstream for the Synaptic Localization of Ank2
(A–I) Confocal micrographs of NMJs innervating muscles 6/7 stained with CD8-GFP-Sh and anti-b-spectrin or anti-Ank2-XL, as indicated. (A–C) At wild-type
NMJs, CD8-GFP-Sh (A) and b-spectrin (B) colocalize in postsynaptic terminals (C). b-spectrin is also expressed in presynaptic nerves (arrow in [C]). (D–F) In
ank2E380/ank2K327 mutant larvae, the subcellular localization of b-spectrin is unchanged. Arrow in (F) indicates presynaptic b-spectrin. (G–I) Presynaptic down-
regulation of b-spectrin using Elav-Gal4 to drive the expression of UAS-b-spectrindsRNA causes defects in the structure of NMJs, including larger boutons (G) and
the retraction of Ank2 (H) from presynaptic terminals (arrow in [I]).b-spectrin and the ank2 mutant phenotypes resemble each
other, including the disassembly of synaptic marker proteins, re-
traction of the microtubule cytoskeleton and dismantling of syn-
aptic contacts (Pielage et al., 2005), we tested whether loss of
b-spectrin has an effect on Ank2. For this, we expressed b-spec-
trin dsRNA under the control of the Gal4 system (Brand and Per-
rimon, 1993; Hulsmeier et al., 2007). Reduction of presynaptic
b-spectrin using the Elav-Gal4 driver caused Ank2 to disassem-
ble from terminal boutons and synaptic branches (Figures
8G–8I). While loss of Ank2 had no effect on b-spectrin localiza-
tion, loss of presynaptic b-spectrin destabilized Ank2, demon-
strating that b-spectrin is required for the localization of Ank2.
Thus, b-spectrin appears to function upstream in the synaptic
assembly of Ank2. Ank2 in turn regulates the stability of synaptic
microtubules. The giant isoforms of Ank2 therefore provide a link
between the spectrin-based membrane cytoskeleton and the
microtubule-based core cytoskeleton, which is necessary for
the stable assembly of pre- and postsynaptic terminals.
DISCUSSION
In an EMS mutagenesis screen for mutants with morphologically
altered NMJs, we isolated mutations in Drosophila ankyrin 2,
which affect the number, size, and spacing of synaptic boutons.218 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.Using immunohistochemical methods, transmission electron mi-
croscopy, and in vivo imaging, we show that these phenotypes
arise through insufficient support of the synaptic cytoskeleton.
Reduced stability of cytoskeletal elements leads to disassembly
of transmitter-releasing active zones, withdrawal of microtu-
bules, and retraction of entire boutons. Ank2 functions upstream
of the microtubule-based cytoskeleton, suggesting that the syn-
aptic core cytoskeleton is structurally supported by the mem-
brane cytoskeleton. Because ankyrins have been shown to be
important determinants of the subcellular organization of central
synapses in vertebrates (Ango et al., 2004), they might play
a general role in the stabilization of synapses.
Giant Ank2 Isoforms Are Expressed in Different
Subcellular Regions
Based on our molecular analysis of the ank2 locus, ank2 tran-
scripts are alternatively spliced to nearby sequences, originally
annotated as separate genes, SP2523 and CG32377. These
new isoforms, Ank2-L and Ank2-XL, respectively, encode ex-
tremely large proteins. Ank2-L is highly expressed in axons
and to a lesser extent in NMJs but was not found in the cell
soma. Ank2-XL, in contrast, was consistently detected in neuro-
nal cell bodies. In synaptic branches of NMJs, Ank2-L is ex-
pressed in the plasma membrane compartment, whereas
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skeleton. However, the expression of Ank2-XL in terminal-most
boutons lacking microtubules indicates that it also associates
with membranes, at least partially. Smaller splice isoforms of
Ank2 have been shown to localize to different neuronal compart-
ments (Hortsch et al., 2002). While a short isoform (Ank2-S) was
expressed in the cell soma, medium-sized isoforms (Ank2-M)
were concentrated in axons. In various organisms, alternative
splice isoforms of ankyrin genes are expressed in different
tissues or subcellular regions (De Matteis and Morrow, 1998;
Otsuka et al., 2002). However, from worms to mice, the largest
isoforms seem to be expressed always in the nervous system, in-
dicating a functional requirement in neurons.
The identified point mutations in ank2 cause C-terminal trun-
cation of both Ank2-L and Ank2-XL. However, the loss of a single
giant ankyrin isoform already results in a synaptic phenotype. In
the absence of only Ank2-L, Ank2-XL fails to extend into distal
boutons, suggesting that Ank2-L is necessary for the synaptic
localization of Ank2-XL.
Ank2 Stabilizes the Synaptic Microtubule Cytoskeleton
The synaptic cytoskeleton is a major mediator of synaptic remod-
eling and stability in various organisms (Dillon and Goda, 2005;
Ruiz-Canada and Budnik, 2006b). During the period of synaptic
growth in Drosophila larvae, new boutons are added to existing
branches either by intercalation or by end addition (Zito et al.,
1999). While these basic growth processes occur in ank2 mu-
tants, live imaging of mutant NMJs revealed that a subset of syn-
aptic branches is unable to expand or does retract. ank2 mutant
NMJs have therefore overt defects in synaptic stabilization. We
find that this is most likely due to an unstable cytoskeleton. The
destabilized cytoskeletal elements visibly resemble retraction
bulbs, cone-shaped nerve endings undergoing synaptic elimina-
tion at vertebrate NMJs (Riley, 1977). Tubulin and the microtu-
bule-associated protein futsch are retracted from terminal bou-
tons. In this respect, it is interesting to note that futsch is tightly
associated with Ank2. Although coaligned in axons and interbou-
ton regions, Ank2 and futsch do not completely overlap, and
Ank2 consistently has a more peripheral distribution. The dispa-
rate location is most obvious in terminal boutons. While futsch is
detected only in a subset of terminal boutons, Ank2 is found in ev-
ery terminal bouton, including very small (and probably very
young) boutons at the tips of growing branches. These observa-
tions imply that futsch is integrated only into relatively old and sta-
ble boutons, whereas Ank2 is immediately incorporated into na-
scent boutons. Although this scenario is only one possibility, it
reveals a spatiotemporal succession of cytoskeletal components
during synaptic expansion. Ank2 might therefore organize a syn-
aptic scaffold for the stabilization of microtubules. This idea is
supported by a recent study that implicated the ankyrin-binding
protein neuroglian in the organization of synaptic microtubules
during the formation of central synapses in Drosophila (God-
enschwege et al., 2006). In addition, biochemical experiments
showed that vertebrate ankyrins interact with microtubules as-
sembled from purified tubulin (Bennett and Davis, 1981; Davis
and Bennett, 1984; Bennett et al., 1985). However, further exper-
iments will be necessary to better characterize the linkage
between synaptic microtubules and the membrane cytoskeleton.Dismantled Microtubules Disrupt Bouton Spacing
and Membrane Dynamics
Individual boutons of a synaptic branch are normally connected
by narrow cytoplasmic bridges termed ‘‘bottlenecks’’ (Jia et al.,
1993). Ank2 as well as futsch showed a continuous distribution in
interbouton regions but a rather reticular pattern within synaptic
boutons. Ank2 could be important for the stabilization of bottle-
neck regions. These membrane constrictions dissolved into
bouton-like structures in the absence of Ank2, fusing neighbor-
ing boutons to larger units. Ultrastructural analysis confirmed
the existence of exceptionally large presynaptic cavities lacking
bottlenecks in ank2 mutants. Similar vesicle-filled enlargements
are not found in wild-type NMJs. Ank2 might therefore regulate
the spatial separation of boutons by organizing compartmental-
ized membrane domains between individual boutons, potentially
similar to the paranodal cytoskeleton established at the nodes of
Ranvier by Ankyrin G in vertebrates (Poliak and Peles, 2003).
The synaptic stability defects in ank2 mutants are most obvi-
ous in NMJs located on posterior muscles. NMJs are subjected
to an anterior-posterior gradient of synaptic size and structure. A
gradual decay of NMJs along the anterior-posterior axis is indic-
ative of axonal transport problems, as transport distances in-
crease toward NMJs on posterior muscles (Hurd and Saxton,
1996). The further away a synaptic terminal is from its supplying
motor neuron the more transport defects would have an impact
on its size and structure. This is exemplified by mutations in the
kinesin heavy chain (Khc), an anterograde motor protein. khc
mutants have axonal organelle jams and clearly less synaptic
boutons in NMJs of anterior segments, but the reduction in bou-
ton numbers is even more severe in posterior segments (Hurd
and Saxton, 1996). A constant supply of adhesion proteins and
other synaptic molecules appears therefore to be required for
the maintenance of NMJs. However, the organelle jams in ank2
mutant axons could also arise due to an increased rate of mem-
brane turnover during ongoing retraction processes, or even due
to an excess supply of cargo proteins that cannot be incorpo-
rated into synaptic terminals. The vesicle accumulations, how-
ever, do suggest that loss of Ank2 not only affects the integrity
of the neuronal cytoskeleton but also the dynamics of synaptic
vesicles.
Spectrin Functions Upstream of Ank2
in the Assembly of the Synaptic Core Cytoskeleton
Because ankyrins interact with spectrins (Bennett and Baines,
2001), loss of spectrins is expected to cause similar phenotypes.
a- and b-spectrins have been shown to play an important role in
the stabilization of NMJs in Drosophila (Pielage et al., 2005,
2006). Downregulation of spectrins by transgenic expression of
interfering RNAs leads to branch-selective dismantling of
NMJs and axonal transport defects (Pielage et al., 2005). Many
of the spectrin mutant phenotypes resemble the phenotypes in
ank2 mutants, suggesting that spectrin and Ank2 function to-
gether to control the stability of synapses. We find that b-spectrin
is required to maintain the synaptic localization of Ank2, as loss
of b-spectrin leads to retraction of Ank2 from synaptic branches.
In contrast, lack of Ank2 had no effect on the localization of
b-spectrin, suggesting that b-spectrin functions upstream of
Ank2 in the assembly pathway (see also Das et al., 2006). TheNeuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc. 219
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be independent of ankyrins in Drosophila (see also Pielage et al.,
2006). Because mutations in both ankyrin and spectrin de-
stabilize the microtubule cytoskeleton, this implies that ankyrin
functions downstream of spectrin in the synaptic stabilization
of microtubules.
EXPERIMENTAL PROCEDURES
Genetics and Fly Stocks
The ank2 alleles E380, I864, and K327 were isolated in a standard F2 EMS
(methanesulfonic acid ethylester) mutagenesis screen of the third chromo-
some (Aberle et al., 2002). Homozygous mutant embryos were identified using
TM3, twist-Gal4, UAS-eGFP balancers (Bloomington). Only ank2K327 and
Df(3L)RM5-1 could be maintained over TM3. UAS-lines: UAS-dsRed (Bloo-
mington stock center), UAS-b-spectrindsRNA (Hulsmeier et al., 2007), UAS-
CG32377-IR (VDRC ID46224, ID46225) (Dietzl et al., 2007). Gal4-lines:
OK371-Gal4 (Mahr and Aberle, 2006), 24B-Gal4, and Elav-Gal4 (kind gifts of
Corey Goodman). As wild-type control strains, we used w1, y w1, or isogenic
w;; CD8-GFP-Sh (Zito et al., 1999).
Cloning and Molecular Analysis of ank2
EMS-induced mutations were mapped using available deficiencies and inser-
tion elements (Bloomington) (Grasso et al., 1996). Df(3L)pblX1, Df(3L)RM5-2,
and Df(3L)RM5-1 failed to complement ank2mutations, whereas Df(3L)XD198,
Df(3L)pbl-NR, Df(3L)HnD-1, and Df(3L)ZP1 did complement. According to our
analysis, Df(3L)RM5-1 has breakpoints in lqf andSP2523. Mutations were fine-
mapped between polymorphic markers 68-6 and 69 using single-nucleotide
polymorphisms (new polymorphisms and primer sequences are available
upon request, see also Berger et al., 2001). The noncomplementing PBacf02001
(Thibault et al., 2004) is inserted into exon 7 of SP2523. For precise excision,
we used wgSp-1/cyo, PBac-Transposase (Bloomington). Genomic DNA was
isolated using the QIAamp DNA Mini Kit (QIAGEN), amplified by PCR and se-
quenced on both strands using the BigDye Terminator kit (PE Applied Biosys-
tems). Sequences were analyzed with the Lasergene Software package
(DNAStar). Protein sequences were analyzed using SMART (EMBL, Heidel-
berg) and Dotmatcher (EMBOSS). For in situ hybridizations, template DNA
(1 kb) was amplified by PCR using SP6 and T7 primers. PCR products
were gel-purified to synthesize digoxigenin-labeled sense and antisense
probes (Roche) using SP6 and T7 polymerases (Ambion). The following probes
were used: ank2-M, ank2 exon 13; ank2-L, SP2523 exons 5-7; ank2-XL,
CG32377 KEY-repeat region.
Ank2 Nomenclature
There is evidence for numerous isoforms of Ank2 based upon annotation in
FlyBase, previous publications (Bouley et al., 2000; Hortsch et al., 2002),
and new data presented in this paper and the companion paper (Pielage
et al., 2008). In an attempt to clarify the Ank2 nomenclature, we classify the
Ank2 isoforms into four major categories: short (S), medium (M), long (L),
and extra long (XL). The short category includes the previously described
Ank2a isoform of 1159 amino acids (aa) (Bouley et al., 2000; Hortsch et al.,
2002). The medium category includes isoforms of 2386–2465 aa that were pre-
viously identified and referred to as Ank2b-2e (Hortsch et al., 2002). The long
category includes isoforms of 4083–4264 aa. This category includes the Ank2-
L isoforms identified in this study and in Pielage et al. (2008). The extra-long
category includes the XL-isoform (11640 aa) that was identified in this study
based on the merging of the CG32377 gene to the ank2 gene.
Databases
Ensembl, http://www.ensembl.org/; BDGP, http://www.fruitfly.org/; Bloo-
mington, http://flystocks.bio.indiana.edu/; DSHB, http://dshb.biology.uiowa.
edu/; EMBOSS, http://emboss.sourceforge.net/; FlyBase, http://flybase.bio.
indiana.edu/; GenBank (NCBI), http://www.ncbi.nlm.nih.gov/; SMART, http://
smart.embl-heidelberg.de/; VDRC, http://stockcenter.vdrc.at/.220 Neuron 58, 210–222, April 24, 2008 ª2008 Elsevier Inc.Analysis of Synaptic Phenotypes
The number of synaptic boutons and synaptic span were quantified on mus-
cles 12, 13, 6, and 7 in abdominal segment A2, A3, A6, and A7 of intact first-
or third-instar larvae expressing CD8-GFP-Sh. Bouton diameter was deter-
mined for the largest bouton of a given NMJ. The approximate muscle surface
area was determined by measuring the width and length of each fiber. All mea-
surements were performed using an LSM510 confocal microscope (Zeiss).
Early second-instar larvae were anesthetized with isoflurane (Lancaster),
mounted onto microscope slides for imaging, and transferred singly on
yeasted fruit agar plates for recovery.
Antibody Production and Immunohistochemistry
Anti-Ank2-XL antibodies: KEY-repeat sequences were amplified by PCR and
subcloned into pQE80 (QIAGEN). The hexahistidine fusion protein containing
several KEY-repeats was expressed in E. coli BL21 (Stratagene) and purified
from the soluble fraction by affinity chromatography (Ni-NTA-column,
QIAGEN). Approximately 600 mg of the dialyzed antigen was injected into rab-
bits subcutaneously and intramuscularly. Anti-Ank2-L antibodies: the se-
quences corresponding to the 257 C-terminal amino acids of SP2523 (aa
1655–1912) were amplified by PCR and processed as described above. The
antibodies are specific but recognize in addition a nuclear epitope.
Embryos were stained as described (Mahr and Aberle, 2006). Wandering
third-instar larvae were dissected in PBS and fixed for 15 min in 3.7% formal-
dehyde. To stain peripheral nerves, the brain was not removed. Larval fillets
were incubated overnight with primary antibodies. Signals were revealed
with fluorescently labeled secondary antibodies conjugated to Alexa 488 or
Cy3 (1:400, Molecular Probes or Dianova). The dilutions of the primary anti-
bodies were as follows: rabbit anti-Ank2-XL, 1:1000; rabbit anti-Ank2-L,
1:1000; rabbit anti-b-spectrin, 1:200 (Hulsmeier et al., 2007); affinity-purified
rabbit anti-DVGLUT, 1:400 (Mahr and Aberle, 2006); mouse anti-Ank2, 1:500
(Hortsch et al., 2002), mouse anti-bruchpilot (nc82), 1:100 (Wagh et al.,
2006); mouse anti-synaptotagmin, 1:20 (clone 3H2, gift of C. Goodman);
mouse anti-futsch, 1:100 (clone 22C10, DSHB); and mouse anti-a-tubulin, 1:
400 (clone Tub-1A2, Sigma). Labeled embryos or larvae were mounted onto
microscope slides and examined using an LSM510 (Zeiss) confocal laser-
scanning microscope. Projections and single images were adjusted for bright-
ness and contrast using Adobe Photoshop.
Electron Microscopy
Larval fillets were fixed with 2.5% glutaraldehyde and processed for electron
microscopy as described (Beuchle et al., 2007). The thickness of the SSR
was calculated for independent bouton sections by averaging its extension
in four orthogonal directions.
SUPPLEMENTAL DATA
The Supplemental Data for this article can be found online at http://www.
neuron.org/cgi/content/full/58/2/210/DC1/.
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